[1] Martian valley networks have been identified mainly in the Noachian heavily cratered uplands. The geometry of valley networks can be studied using Mars Orbiter Laser Altimeter (MOLA) altimetry, which is sufficient to map large valleys without a detailed 3-D shape of valley networks. Imaging from the Mars Express High Resolution Stereo Camera (HRSC) is used to generate digital elevation models (DEMs) with resolution 50 m and vertical accuracy <60 m. We studied valleys near Huygens crater and in the Aeolis region both in the Noachian bedrock and on the West Echus plateau in Hesperian bedrock. HRSC DEMs in these areas show that (1) drainage density is 3 times higher than is observed in MOLA data, (2) degree of ramification is 1 order more than with MOLA, (3) transverse valley profiles show a V shape more accurately and a minimum depth of $20 m, and (4) higher drainage density shows greater headward extension that is not correlated to greater valley depth. The deepest valleys (400 m) are found in the Huygens region, where the density in the DEM is 0.1 km À1 , compared to shallow valleys (<100 m) of the Echus region, where the density is higher ($0.3 km À1 ). These regional differences are due to spatially variable preservation and bedrock lithology. Longitudinal profiles suggest variations in duration of activity: profile concavity is only developed in some Noachian terrains. Valleys visible in HRSC images correspond to topographic features in DEMs showing the same geometry as terrestrial valleys thought to be formed by overland flows and seepage.
Introduction
[2] Since the Mariner 9 mission of 1971-1972, widespread valley networks have been recognized in the heavily cratered terrain located in the southern hemisphere of Mars [Schultz and Ingerson, 1973; Carr and Clow, 1981; Mars Channel Working Group, 1983; Carr, 1996] . The valleys are arranged in a branching pattern similar to that of fluvial valley networks on Earth. For a few decades, different processes of their formation involving liquid water have been debated [Milton, 1973; Sharp and Malin, 1975; Pieri, 1980; Baker and Partridge, 1986; Howard et al., 1988; Squyres, 1989; Gulick and Baker, 1989; Baker, 1990; Baker et al., 1992; Goldspiel et al., 1993; Carr, 1996; Grant, 2000; Carr and Malin, 2000; Gulick, 2001; Howard et al., 2005; Irwin et al., 2005b; Mangold et al., 2004a Mangold et al., , 2004b Ansan and Mangold, 2006] . Because of their resemblance to the terrestrial fluvial valley networks, they have been interpreted as formed mainly by surface runoff [Carr, 1981; Baker, 1982 Baker, , 1985 Craddock and Howard, 2002; Mangold et al., 2004a Mangold et al., , 2004b Howard et al., 2005; Irwin et al., 2005b; Ansan and Mangold, 2006] . However, surface runoff is often rejected because of the low drainage density and the low degree of valley organization [e.g., Carr and Chuang, 1997; Cabrol and Grin, 2001; Stepinski and Collier, 2003] . Alternatively, it has been suggested that groundwater sapping triggered by geothermal or hydrothermal heating was predominant [Sharp and Malin, 1975; Pieri, 1980; Howard et al., 1988; Tanaka et al., 1998; Malin and Carr, 1999; Dohm and Tanaka, 1999; Gulick and Baker, 1990; Gulick, 1998; Goldspiel and Squyres, 2000] , which is supported in relatively few places by the regional volcanic and tectonic context. After the Mariner 9 and Viking missions, many authors concluded that groundwater sapping formed the Martian valley networks, but new discoveries from the Mars Global Surveyor [Albee et al., 1998 ], Mars Odyssey [Christensen et al., 2003] and Mars Express [Chicarro et al., 2004] missions have led to a shift to a runoff or combined runoff/groundwater sapping origin [e.g., Craddock and Howard, 2002; Mangold et al. 2004a; Howard et al., 2005; Irwin et al., 2005b; Ansan and Mangold, 2006] .
[3] As valley networks incised the Noachian (>3.7 Ga) heavily cratered terrain [Tanaka, 1986; Hartmann and Neukum, 2001; Hartmann, 2005] , they probably formed at the end of the Noachian Period or just at the beginning of the Hesperian. However, several dendritic, fluvial valley networks have been detected using Thermal Emission Imaging System (THEMIS) infrared images [Christensen et al., 2003] on the plateau of West Echus Chasma [Mangold et al., 2004a [Mangold et al., , 2004b at the eastern side of the Tharsis region. These valley networks incised volcanic plateau material that covered the region during the Hesperian Period (3.7 -3.0 Ga), based on relative chronology and crater counts [Tanaka, 1986; Mangold et al., 2004a] . This finding suggests that liquid water was still present at the surface, at least episodically, during the Hesperian Period.
[4] Most studies have used two dimensional data sets at horizontal scales ranging from 1 km to few meters [Carr, 1981; Baker, 1985; Malin and Edgett, 2000; Mangold et al., 2004a; Ansan and Mangold, 2006] , including both visible images (Viking, visible THEMIS and Mars Orbiter Camera (MOC) [Malin et al., 1998 ]), and THEMIS infrared images. Using the altimetry acquired by the Mars Orbiter Laser Altimeter (MOLA) , the geometry of valleys has been studied at spatial scale of $500 m with a vertical accuracy of 1 m. The main valleys often have a width of a few kilometers and a depth of $100 m [Williams and Phillips, 2001] . Valley networks identified by an automated program using MOLA data have a low degree of organization associated with a low drainage density [Stepinski and Collier, 2003; Stepinski and Stepinski, 2005; Ansan and Mangold, 2006] . The MOLA spatial resolution is sufficient to map the main valleys, but not their small tributaries that are visible on the high-resolution imagery.
[5] Since January 2004, the High Resolution Stereo Camera (HRSC) on board the European Mars Express orbiter has acquired along its orbital ground tracks a set of stereo panchromatic images with a spatial resolution of a few tens of meters per pixel [Wewel et al., 2000; Neukum et al., 2004; Jaumann et al., 2007] . From each triplet of HRSC images, it is possible to generate a digital elevation model (DEM) with improved spatial resolution 50 m pixel -1 , superior to that of MOLA. In contrast, the vertical accuracy is not as good as that of MOLA, ranging up to a few tens of meters depending on terrain roughness and image quality [e.g., Jaumann et al., 2007] . The HRSC DEM can be used to better constrain the geometry of valleys and determine which process(es) were responsible for their formation.
[6] Three Martian regions are studied here: (1) the Noachian terrain of Terra Cimmeria (South of Aeolis region), (2) a Noachian region east of the Huygens impact crater (NW of the Hellas basin), and (3) the Hesperian terrain of the West Echus Chasma plateau. For each region, we first present the manual mapping of valley networks performed from HRSC visible images. We then automatically extract valley networks from the two topographic data sets (MOLA and HRSC DEMs) and we compare the geometry of valleys mapped in the three data sets.
Methodology

MOLA Altimetry
[7] The altimetry measured by MOLA during the Mars Global Surveyor mission allows us to study the geometry of valleys at a spatial resolution of $500 m with a height accuracy of $1 m [Smith, 1998; . For the studied regions, MOLA altimetry was projected onto the Martian ellipsoid with an equatorial axis of 3396.19 km and a polar axis of 3376.20 km, defined by the International Astronomical Union as the Mars IAU 2000 [Seidelmann et al., 2002] , with a sinusoidal projection centered at a given meridian. The geographic coordinates follow the Martian standard coordinate system with planetocentric latitudes and east longitudes [Duxbury et al., 2002] . The MOLA altimetry and other data sets are then included in geographic information systems (ArcView and Er-Mapper).
HRSC Images
[8] The HRSC camera acquired images in five panchromatic channels under different observation angles, as well as four color channels at relatively high spatial resolution [Neukum et al., 2004] . In our work we used only the panchromatic nadir image, in which the spatial resolution reaches generally $10 to 50 m pixel -1 , and the two panchromatic stereoscopic images with a spatial resolution of similar range to four times lower than that of the nadir image ( Figure 1a ).
[9] The first step of HRSC image processing is their ortho-rectification, producing level 2 images (Figure 1b ). Using the photogrammetric software developed both at the Deutsches Zentrum für Luft-and Raumfahrt (DLR) and the Technical University of Berlin [Scholten et al., 2005] , we projected level 2 images onto a reference surface corresponding to the MOLA topography with a spatial grid of 5 km pixel -1 Neuman et al., 2003 ], a sinusoidal projection at a given central meridian, and the best spatial resolution, taking into account the spacecraft position, the camera orientation along the ground track and the camera characteristics included in exterior orientation data ( Figure 1b) . The coordinates of ortho-rectified nadir images are defined in the planetocentric system of the Mars IAU 2000 ellipsoid [Seidelmann et al., 2002 , Duxbury et al., 2002 .
HRSC Digital Elevation Model
[10] Here we describe the different steps to generate the HRSC DEMs using the photogrammetric software developed at the DLR and the Technical University of Berlin [Scholten et al., 2005; Albertz et al., 2005; Gwinner et al., 2007] . The first step includes the rectification of nadir and stereo images at the same scale (geometric image correction and map projection). The second step consists of the image correlation in order to find the location of homologous points in the different HRSC images, using a matching process at a different spatial grid size [Scholten et al., 2005] ( Figure 1c) . The third step is the calculation of the spatial location of 3-D object points, defined by Cartesian coordinates in a fixed-body Martian reference system, using forward ray intersection defined by homologous points and available orientation data (stereo model) (Figure 1d ). The location of each 3-D object point is defined with its accuracy in three dimensions (sx, sy, and sz) [Scholten et al., 2005; Albertz et al., 2005] . At this step, we remove all 3-D object points that are imprecisely located, e.g., sx, sy and sz must be <100 m. The fourth step is the transformation of Cartesian coordinates of 3-D object points in geographic latitude, longitude, and height projected on the MARS IAU ellipsoid [Duxbury et al., 2002; Seidelmann et al., 2002] (Figure 1d ). The height is calculated taking into account the Martian geoid defined as the topographic reference for the Martian heights, i.e., the areoid . The last step consists of the generation of two maps at the same scale of rectified images using VICAR image processing system (Multisession Image Processing Laboratory, The VICAR Image Processing System, 2005): one map of the locations of 3-D object points, and one DEM in which the gap areas are filled by height interpolation (Figure 1e) .
[11] The choice of the DEM's cell size is influenced by the spatial distribution of 3-D object points bounding the geological features. Given the heterogeneous distribution of these points in the DEM and the desire to accurately characterize the geologic features, we choose the smallest grid cell size that leaves >70% of the cells filled. We take caution not to extract topographic information in areas devoid of points. The resolution of the resulting DEM is thus often two to three times larger than that of the original image resolution. The calculated height accuracy is usually $20 m when geometric parameters of the HRSC camera, the terrain roughness, and the image quality are optimal. Nevertheless, a height offset relative to the MOLA reference exists and is usually <50 m, locally reaching 100 m.
Extraction of Valley Networks
[12] We manually mapped valley networks from the nadir images at 10 to 50 m pixel -1 , taking into account the geological features (impact craters, faults, landslides, etc) that have modified the geometry of valleys after their formation. We used a hydrologic analysis system, DNR hydromod, included in ArcView GIS [Loesch, 2001] , to extract valley networks from the DEMs. The automatic detection is mainly used to provide a comparison point between each data set, not to use the method as an independent mapping system of valleys on Mars. The automatic detection of valleys in DEMs always requires a visual control to verify the presence of valleys in the images.
[13] The DNR hydromod program consists of three steps of processing: (1) the original topography (DEM) is modified, removing sinks to produce a continuous flow direction grid. This step is very important because sinks like pits or impact craters disrupt the drainage topography; (2) a flow direction grid is calculated where the steepest downslope direction is recognized from each cell to the eight neighboring cells (D8 algorithm); and (3) a flow accumulation grid is generated as the cumulative number of cells flowing into each downslope cell. Cells that have high accumulation of flow may be used to identify stream channels. This software therefore permits one to deduce the probable location of river (stream flow) based on the topography.
[14] Rivers do not exist on Mars at present, but the location of old streams deduced from DNR Hydromod could correspond to the locations of past river channels. In few cases, channels have been identified on the Martian surface and are interpreted as the imprint of old rivers [e.g., Carr and Malin, 2000; Irwin et al., 2005a; Jaumann et al., 2005] . In our study, no channel has been identified, and we assume that stream flows detected in topography correspond to old rivers flowing downstream inside valleys. Valleys that are not visible in the HRSC images (e.g., in flat areas, in closed depressions with flat interiors, and in small impact craters) were deleted in the automatic mapping. Only the lengths of individual valley network segments and the remaining area containing valley networks were used to calculate drainage densities.
[15] As the detection of stream channels depends on the flow accumulation, the comparison of the organization of valley networks from two DEMs at different spatial scales is mainly controlled by the threshold on the cumulative number of cells flowing into each downslope one that defines a valley head. For this reason, we determined the minimum cumulative number of cells flowing into a downslope cell for which the stream channels are detected in the MOLA DEM. Then, we applied this threshold multiplied by the scale ratio between the MOLA and the HRSC DEMs for detecting stream channels in the HRSC DEM. For example, a minimum of 900 cells of accumulation flow for a MOLA DEM at 450 m pixel -1 compares to a minimum of 18,000 cells for a HRSC DEM at 22.4 m pixel -1 .
Morphometric Parameters Used for Valley Networks Characterization
[16] Drainage basins are defined as the area in which liquid water and sediments are collected and transported, bounded by the highest topographic points. We compared among the different data sets the location of detected valleys, their number, and their magnitude in Strahler's [1952] system. In this system, each valley segment is assigned to an order: the first order is a segment with no tributary. Where two segments of first order join together, they form a second-order segment, and so on. Where two segments of different orders join together, the next segment retains the higher order of the upstream segments. The highest order of a valley network corresponds to that of the longest tributary called the main tributary. The linear relationships between valley order and the number of segments with a given order, and their length have been firmly established for well-developed networks [Schumm, 1956] . The bifurcation ratio (Rb) is the ratio of the number of valleys of a given order (N u ) to the number of valleys in the next higher order (N u+1 ). The length ratio (Rl) is the ratio between the average length of valleys of a given order (L u ) to that of the next higher order (L u+1 ) [Horton, 1945; Strahler, 1952] . We also determined the drainage density (km
À1
) of different drainage basins, i.e., the sum of the length (km) of all individual valleys divided by the drainage basin area (km 2 ).
[17] The analysis of individual valley topography allows us to determine the stage of erosion. The valley longitudinal profile is defined as the thalweg changes in elevation down valley. It corresponds to the river incision in response to variations in climatic and tectonic effects, as well as local changes in hydraulic parameters (water discharge and load) and lithology. We compared the shape of longitudinal profiles extracted from the MOLA and HRSC DEMs for different valley networks. The transverse profiles were extracted at different locations in the downstream direction, in order to see the variations in shape from the head to the mouth of major tributaries. For example, the transverse profile can show a transition from an upstream V shape to a more rectangular/trapezoidal shape downstream that can be due to alluvial infilling.
Results Over Three Martian Regions
[18] We present below, for each studied region, (1) the morphometric analysis at the regional scale showing the results of manual mapping on the nadir image, the results of the DEM calculation, and the automatic detection of valleys, respectively, and (2) the detailed analysis of some drainage basins with their longitudinal and transverse profiles. These different regions have been imaged by the HRSC camera during different geometries of acquisition (e.g., different orbital parameters including date and hour of acquisition, and the height of the camera along an elliptical orbit), which highly influence the spatial resolution of nadir and stereo images. We discuss the impact of these parameters on the quality of the HRSC DEMs and the limit of valleys detection in the HRSC DEM compared to that with the MOLA data.
Valley Networks in the South Aeolis-Terra Cimmeria Region
[19] We studied the valley networks that incised the Terra Cimmeria within the Aeolis and Eridania quadrangles. These valleys have previously been studied using Viking images [De Hon, 1978; Scott and Carr, 1978; , 1986 , Brakenridge, 1990 , Greeley and Guest, 1987 . Terra Cimmeria consists essentially of Noachian terrains (>3.7 Ga) including geologic units mapped as the old heavy cratered plateaus (Npl1), local subdued cratered terrain (Npl2) interpreted as the result of the early stage of widespread volcanism or mantling, and dissected highlands (Npld) cut by valley networks [Scott et al., 1986] . Small intercrater plains (Hr) are interpreted as extensive lava flows formed during the Early Hesperian Epochs [Scott et al., 1986] . These plains are topographically smooth except that they are crossed by wrinkle ridges. The latter are likely due to compressional tectonism that locally extends into the heavily cratered plateau [Watters, 1993] . 3.1.1. Morphometric Analysis at the Regional Scale 3.1.1.1. HRSC Image Analysis
[20] The HRSC camera acquired two sets of images during the H0228 and H0241 orbits. They are located at the boundary of the Aeolis and Eridania regions between 156 and 158°E and 26°-36°S (Figure 2 ). Thanks to the low altitude of Mars Express orbiter ($266 km), all panchromatic images have a good spatial resolution of 21.7 m pixel -1 for the nadir image, 22.6 m pixel -1 for the stereo1 image and 23.6 m pixel -1 for the stereo2 image, corresponding to the pixel size at the center of images for the H0228 and H0241 orbits. These two nadir images have been projected in sinusoidal projection centered at longitude 150°E with a spatial grid size of 22.4 m pixel -1 and mosaicked in order to cover the whole region (Figure 2 ).
[21] Numerous valley networks incised Noachian rough, heavily cratered regions (Figure 2 ). Valleys crosscut old degraded impact craters in the southern part of the mosaic. In contrast, the western part of the mosaic of nadir images lacks valleys and presents few impact craters, suggesting that the area would be an intercrater plain (Hr) as defined by Scott et al. [1986] . Valley networks and impact craters have been mapped through the whole HRSC mosaic (Figure 2 ). Valley networks seem to reach a broad extension because a large number of tributaries valleys have dissected the drainage basins reaching a Strahler order of five for the most developed ones, specifically a valley network located at 33.0°S-157.5°E Ansan et al., 2005 Ansan et al., , 2007a Ansan et al., , 2007b . 3.1.1.2. Calculation of the HRSC DEM
[22] To generate the HRSC DEM, we ortho-rectified the nadir and stereo images with the exterior orientation data at the same scale of 22.4 m pixel -1
. We found 17,726,308 homologous points (Figure 3c ) for which 3-D coordinates have a good spatial accuracy (sx = 14.5 m, sy = 5.6 m and sz = 9.4 m). The statistical height error is 13 m on each point. The number of 3-D object points being relatively high, we generated a DEM with a spatial grid equal to the original images (22.4 m pixel -1 ) in sinusoidal projection centered on the 150°E meridian. The spatial distribution of 3-D object points is quite homogeneous, and only 21.9% of the total area is empty (Figure 3c ). These gaps are not problematic for valley geometry, because most of them occur in smooth plains or crater floors, therefore out of the locations with abundant valleys. We generated the DEM by interpolation (Figure 3b ). Taking MOLA as a reference, we calculated the height offset between the HRSC DEM and MOLA. The mean regional height offset is relatively low (<25 m), but it becomes larger on the inner rim of large impact craters, reaching more than 100 m in a few places (Figure 3d ). At the regional scale, the HRSC DEM shows the same topography as MOLA: a plain in the western part standing at an elevation of 800 m, bounding a cratered highland rising up to 2200 m in the SE corner of the DEM. (Table 1 and Table S2 ). Basins J, N and P remain the same size as in the MOLA DEM. The shape of the basin remains elongated and oriented down the regional slope. The number of tributaries increases significantly in each basin (>10), and the drainage density ranges from 0.09 to 0.45 km À1 with a maximum Strahler order of 4. The drainage basin N in the HRSC DEM covers a slightly smaller area than in MOLA, i.e., 2257.16 km 2 , due to a better topographic grid resolution. The drainage basin N contains 49 tributaries totaling 425.46 km and organized with a Strahler order one point higher than in MOLA (fourth order). Its drainage density of 0.19 km À1 calculated from the HRSC DEM is therefore a factor of 3.8 greater than in MOLA.
[25] We compared these automatic extractions to the manual mapping. For example, the drainage basin N is defined by the highest points surrounding the drainage area in the HRSC DEM. The manual mapping shows that the divide of this basin fits very well with its limit observed on the HRSC image. The drainage basin N is incised by 148 tributaries with a network Strahler order of 5, i.e., the highest Strahler order found in this studied area. The total length of tributaries is 626.67 km, giving a drainage density , 1.5 times higher than that found in HRSC DEM. The highest drainage density is found in the drainage basin P (0.54 km À1 ), which is only fourth order.
[26] In summary, we observe that the drainage density increased from the MOLA data to the HRSC DEM by a factor >3, but it is still slightly lower than was found in the manual mapping. The HRSC DEM therefore gives a strong improvement in the characterization of drainage basins compared to MOLA. In addition, the tributaries automatically extracted from the HRSC DEM correspond to the major tributaries observed on the HRSC image, which validates the quality of DEM related to the ''ground truth'' of the image.
Detailed Analysis of Drainage Basins
[27] The HRSC images ( Figure 2 ) display three patterns of valley networks distributed in the north (Figure 5 ), the center ( Figures 6 and 7) , and the southern parts (Figures 8, 9 , and 10) of Terra Cimmeria study area.
Northern Part
[28] In the northern part of the studied region ( Figure 5 ), highlands stand at 800 m above the surrounding plain with a regional slope to the NE (Figure 3 ). The HRSC images display a cratered terrain in which most large impact craters (>10 km in diameter) have a flat floor and degraded rim, whereas most smaller impact craters have a typical bowl shape ( Figure 5 ). These highlands have been carved by numerous valley networks that also crosscut rimless impact craters, such as those present in the NE corner of Figure 5 . The valley networks have few visible tributaries but display a branching pattern. The valleys have a dark-toned, flat floor without exposed inner channels, suggesting that the floors may have been mantled by sand and dust after the time of valley incision [Carr and Malin, 2000; Wilson and Zimbelman, 2004; Ansan and Mangold, 2006] , although no dune is observed in this area at the HRSC scale.
[29] The path of the main tributary (Bup to Bdw) follows the regional slope ( Figure 5b ). In the downstream direction it is deviated to the North (Figure 5b ). A second valley network develops on the eastward slope converging into the large rimless impact crater to the east. The two valley networks are very close to each other (near cross section EF in Figure 5b ), suggesting that an impending capture did not occur because of the cessation of erosion. When we superimpose the valley networks detected automatically in the HRSC DEM to the image viewed in 3-D (Figure 5c ), we observe that valleys follow the current topography.
[30] Transverse profiles along the main tributary ( Figure 5d ) show that gridded MOLA data generally underestimate the depth of valleys and show a lower accuracy in width. Whereas the MOLA transverse profiles indicate 3-km width, 100-m depth, and an open V shape, the HRSC transverse profiles are more accurate with <1-km-wide and $100-m-deep valleys that have steeper sides. Moreover, the HRSC DEM allows us to detect several valleys where MOLA detected just one at their confluence ( Figure 5d , cross section EF). Using the HRSC DEM, we observe a downstream increase in the width of the main tributary from 1 km to 2 km, associated with an increase in depth of 50 m to 100 m.
[31] The longitudinal profiles of the main tributary are similar with MOLA and the HRSC DEM. We see that the mean height offset is low (<25 m) along the longitudinal profile (Figure 5e ), which is relatively accurate. The profile is not smooth with high-frequency variations in height at the scale of <50 m. The height frequency can be locally due to the calculation method of the HRSC DEM, given the calculated average height accuracy of 13 m, but the fact that we see similar effect on MOLA data argues against a problem of the HRSC DEM only. Most of the heterogeneity along topographic profiles is likely due to a later evolution such as superposed impact craters, crater ejecta, small landslides, etc., that have degraded the original shape of the valley floor. Using the HRSC DEM, we measured a regional regular slope of 0.4°, with a rather linear slope close to the regional terrain slope. Figure 6a ). Numerous valley networks incised the western side of the upland where the slope is regular (1.5°). Valleys are narrower and more parallel than in the previous example, which is likely due to the regional slope (valleys tend to be subparallel on slopes above 1.5° [Schumm, 1956] ). They vanish at the boundary of the smooth plain. The eastern side of the highland is less dissected by valley networks, but a long tributary (J) winds across the highland to reach the western plain ( Figure 6b ). Valleys follow the current regional slope, which is evident when we superpose the valley networks detected automatically in the HRSC DEM on an image viewed in 3-D (Figure 6c ).
[33] Transverse profiles were plotted along the main tributary J (Figure 7 ). The HRSC profiles have many more details than do their MOLA equivalents. The HRSC DEM allows us to extract narrow (<250 m) and shallow (<25 m) valleys not detected at the MOLA scale. Moreover, we observe that the location of the thalweg in both data sets often shows a lateral offset up to 500 m, which is partially due to the low spatial resolution of MOLA. Using the HRSC DEM, we observe that the main tributary J increases in width increases downstream, from 250 m up to 2.5 km, and its depth increases as well from 30 m to 100 m.
[34] The HRSC longitudinal profile J is quite close to the MOLA-derived profile with a mean height offset of <20 m (Figure 7 ). The longitudinal profile has a concave shape in the upstream reach. The downstream reach displays a slightly convex shape that could indicate either that the rocks are more resistant to erosion or that a late, subtle topographic change occurred, preventing the stream from reaching a hydraulic equilibrium.
Southern Part
[35] The southern part of the south Aeolis image (Figure 8 ) is spectacular, with a large number of valleys that incised the highlands up to 2200 m in elevation (Figure 8 ). These highlands have many large (>20 km in diameter), flatfloored impact craters with degraded rim but without visible ejecta, e.g., the impact crater Odw in Figure 8b . Some of the craters are rimless, e.g., the impact crater in the NE corner of Figure 8 . The NW part of the area contains a poorly cratered, smooth plain that is modified by N-S trending wrinkle ridges and stands at 800 m elevation. The 1400 m of relief has been incised by valleys which the highest heads are located just 300 m below the highest topographic point in the SE corner. Valley networks diverged in a radial pattern around the highest topographic point (Figure 8 ), and some of them (tributaries Pup-Pdw, Oup-Odw and Ndw-Nup) reached the NW plain in which they vanished. The main tributary O crosscuts an old flat-floored, impact crater with a degraded rim.
[36] In Figure 9a , a MOLA profile displays one 4-kmwide and 75-m-deep valley, whereas the HRSC profile shows two 1-km-wide and 100-m-deep valleys. Near the outlets of valleys P, O and N (Figure 8 ), the valley width is $2 km and the depth is $100 m (Figure 9b ). The shallower valley detected by the HRSC data has a depth of 25 m near the head (Figures 9c and 9d) . The different HRSC transverse profiles across the valley networks show that the main tributaries increase in width downstream.
[37] The longitudinal topographic profiles of these three main tributaries (Figure 10 ) display the same shape in both topographic data sets without significant offset (<50 m). However, they are quite different from each other. The 100-km-long longitudinal profile N displays a concave shape with its head incising the rim of the central 30 kmin-diameter impact crater. The stream eroded a sloping plain that drops 700 m with a regional slope of 0.4°. Even omitting the local 100-m-high, later wrinkle ridge (Figure 10 ), the slope of the longitudinal profile of this tributary N differs from the regional slope. The longitudinal profile O is somewhat shorter than the others: it follows the local topography and the border of the highly degraded rim of impact crater O (Figures 8 and 10) . The 150-km-long longitudinal profile P begins at the top of the highland (2040 m) and follows the regional slope (0.5°) Mean drainage density (km À1 ) 0.04 ± 0.03 0.22 ± 0.06 0.22 ± 0.11 0.11 ± 0.03 0.13 ± 0.04 0.12 ± 0.04 0.09 ± 0.01 0.18 ± 0.04 0.50 ± 0.20 Mean bifurcation ratio (Rb) 2.5 ± 0.3 3.4 ± 1.0 -3.0 ± 0.8 3.3 ± 0.7 -2.9 ± 0.5 2.9 ± 0.9 -Mean length ratio (Rl)
1.0 ± 0.1 2.1 ± 1.2 -1.8 ± 1.2 2.0 ± 0.8 -1.9 ± 0.6 1.6 ± 0.6 -a
The number of basins is the same as that in the HRSC DEM because we use the topographic definition of a drainage basin.
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before reaching the smooth plain 1300 m lower. Omitting the late wrinkle ridge that crosscuts the main tributary P, the longitudinal profile has a slightly concave shape.
[38] In summary, the valley networks in the south AeolisTerra Cimmeria region show dendritic to subparallel patterns according to the regional topographic slope, increasing width in the downstream direction, and different elevations for sources. However, valleys differ in geometry, with a trapezoidal shape in the northern part and an open V shape in the central and southern parts.
Valley Networks East of the Huygens Impact Crater
[39] The Huygens 475-km-diameter impact crater is a major geological feature northwest of Hellas basin in the Iapygia quadrangle of Mars (Figure 11a ). This region is mainly old, hilly and cratered upland terrain [Schaber, 1977] , dated to the Noachian Period [Tanaka, 1986; Greeley and Guest, 1987] interrupted only by a few ridged plains of the Early Hesperian Epoch [Tanaka, 1986; Greeley and Guest, 1987] . 3.2.1. Morphometric Analysis at the Regional Scale 3.2.1.1. HRSC Image Analysis
[40] The HRSC camera acquired a nadir image, on the eastern rim of the Huygens impact crater, centered at 22.7°S-61.6°E, during the H0532 orbit. We limited our study to the northern part of the H0532 image between 12°S and 21°S (Figure 11b) . Because of the acquisition geometry of the Mars Express orbiter during this period, the panchromatic images have a low spatial resolution of 37.9 m pixel -1 for the nadir image, 70.6 m pixel -1 for the stereo1 image, and 99.4 m pixel -1 for the stereo2 image, corresponding to the pixel size at the center of the images. The nadir image has been projected in sinusoidal projection centered at longitude 60°E with a spatial grid of 50 m pixel -1 (Figure 11b ). Numerous valley networks incised the eastern outer rim of the Huygens impact crater (upper left corner in Figure 11b ). They show a well-developed organization with a Strahler order of 4 ( Figure 11c ) and are characterized by more than 100-km-long, elongated drainage basins oriented parallel to the outer impact rim slope. The valleys vanish eastward into the smooth region dated to the Hesperian Period [Tanaka, 1986; Greeley and Guest, 1987] . Numerous valley networks debouch into the western side of large, rimless impact craters that apparently acted as terminal depressions (Figure 11 , box indicating Figure 14) . The inner rim of Huygens impact crater is also incised by smaller drainage basins. A few normal faults and compressional ridges influence the present-day topography, and the tilted blocks are carved by valley networks, implying that valleys locally postdate the tectonic deformation. However, major valleys are deeper when they crosscut the normal fault scarp and the compressional ridge, suggesting that they began their incision during the tectonic uplift. In addition, a few poorly branched valley networks have been developed in ejecta of 50-km-in-diameter degraded impact craters, e.g., the impact crater located at 63°E-13°S (Figure 11 ).
HRSC DEM Calculation
[41] We found 1,801,543 homologous points for which 3-D coordinates have been calculated with a good accuracy (sx = 20.7 m, sy = 30.4 m and sz = 17.6 m) using the triplet of images (one nadir and two stereo). The statistical height error is 26.6 m on each 3-D object point. The points on the interpolated HRSC DEM have a spatial gridding of 250 m pixel -1 (Figure 12 ), a low resolution due to the limitation from the base image resolution and the gaps of homologous points in some regions. Although the distribution of points is heterogeneous, morphologic features are well fit in the hilly region. The regional topography viewed from the HRSC DEM (Figure 12b ) and MOLA (Figure 12a) shows that the rim of Huygens crater reaches 3000 m elevation and 2000 m above its flat floor. The northeastern plain stands at 1200 m elevation. The southern area has hilly topography surrounding a plain standing at 500 m in elevation, before declining southward into the Hellas basin. The height offset between the MOLA DEM and the HRSC DEM is relatively high (Figure 12d ): MOLA is 100 m higher than the HRSC DEM in the central part, whereas it is 200 m lower in the northern and southern parts. These height offsets can induce local differences in topographic slope. The maximum offset in slope is <0.2°, but this is not negligible when we extract valley longitudinal profiles. (Tables 1 and S3 ). These basins are relatively elongated and parallel to the slope. They are incised by a few tributaries (<4) corresponding to those observed on the HRSC image. In MOLA, the drainage density ranges from 0.02 to 0.22 km À1 with a maximum Strahler order of 3 (Tables 1 and S3 ). For example, the widespread drainage basin V covering 2953.76 km 2 is incised by 22 valleys up to a Strahler order of 3 and with a total length of 252 km ( Figure 13 ). The drainage density is 0.09 km À1 close to the regional average (Table 1) .
[43] By comparison, 129 drainage basins have been detected automatically with a minimum threshold of 400 cells of accumulation flow in the HRSC DEM at grid of 250 m pixel -1 (Figure 13 ). Their mean surface area is quite similar (160 km 2 ) to that of basins detected in MOLA (Tables 1 and S4 ). The shape of basins in the HRSC DEM remains elongated and controlled by the regional slope. The mean number of tributaries does not change in each basin (<4), and the drainage density is between 0.02 and 0.23 km À1 with a maximum of Strahler order of 4 ( Table 1 ). The drainage basin V increases in surface area compared to MOLA, with 3915.13 km 2 due to improved resolution of the drainage divide in the HRSC DEM ( Figure 13) . A total of 44 valleys incise the basin with a Strahler order of 4. The total length of valleys being 576.66 km, the drainage density increases significantly up to 0.15 km À1 compared to that found in MOLA.
[44] As regards the manual mapping, the drainage basin V has a surface area close to that previously determined with the HRSC DEM, and it is incised by 87 valleys arranged with a fourth-order stem. The total length of tributaries is 650.52 km, giving it a drainage density of 0.17 km À1 , which is very close to that found with the HRSC DEM. Thus, the best spatial resolution of the nadir image does not allow us to significantly increase the drainage density for this drainage basin. The highest drainage density is 0.29 km À1 for the drainage basin F in the HRSC image. Compared with the HRSC DEM at the grid scale five times smaller, the drainage density is increased by a factor of 2 in the manual mapping, with a maximum of 0.29 km À1 , but the maximum Strahler order remains equal to 4.
[45] In summary, the HRSC DEM gives a slight improvement in the characterization of drainage basins compared to MOLA, but the ratio of spatial resolution between MOLA and HRSC is only 1.8. The characterization of drainage basins from the HRSC DEM remains low with respect to that extracted from the manual mapping.
Detailed Analysis of Drainage Basins Near the Huygens Impact Crater
[46] We describe two different areas of valleys on the HRSC image (Figures 14, 15, 16 and 17) . In each area, we describe the valley networks and discuss the longitudinal and transverse profiles extracted from MOLA and the HRSC DEMs.
NE Rim of Huygens Impact Crater
[47] In this area (Figures 11 and 14) , three valley networks developed on the eastern topographic slope before debouching into the 40-km-in-diameter rimless, flat-floored impact crater. Valley networks have a relatively dendritic [48] The three N-S cross sections display the same open V shape in MOLA and in the HRSC DEM (Figure 15a ). In this case, the HRSC transverse profiles do not give more information than do those from MOLA. Only the major tributaries are detected with a width >1 km and a depth of $100 m (Figure 15a ). In both data sets, the width and depth of major valleys increase downstream, e.g., valley F reaches 3 km in width and 180 m in depth at its outlet.
[49] The longitudinal profiles reveal the roughly 100-mheight offset between MOLA and the HRSC DEMs ( Figure  15b ). As the height offset is nearly constant along the longitudinal profiles, there is no effect on the topographic slope between the two data sets. The longitudinal profiles are straighter upstream and transition to a convex-up profile or have a topographic step where they crosscut the crater rim. The topographic step is far upstream for the longitudinal profile I, and it corresponds to the topographic limit of the circular, concave drainage basin near the outlet Idw (Figure 14a ). The downstream convex-up profile is due to a knickpoint that is partially due to blind tectonic structures or lowering of base level (Figure 15b ).
Eastern Rim of Huygens Impact Crater
[50] In the eastern part of Huygens crater rim (Figures 11  and 16) , major E-W trending normal faults bounded a E-W graben, and a NW-SE trending ridge, likely a thrust fault formed a topographic scarp facing northeastward. First, branching valley networks developed on the backside of the ridge and crosscut the southern normal fault debouching into the graben (Figure 16 , see, e.g., the main tributary VupVdw). Valley heads stand at different elevations and the highest are at 2700 m. Second, two valley networks developed on opposite sides within graben on the old rim of Huygens impact crater (Figure 16 , P and Q drainage basins). All of these valley networks formed after the graben, because they crosscut it. The 3-D view displays the deep incision when valleys crosscut the ridge scarp and the divide between P and Q drainage basins inside the graben (Figure 16c) .
[51] The transverse profiles across drainage basins P and Q are quite similar in the two data sets, with a minimum valley depth of 100 m (Figure 17a , NS1 to NS2). However, these cross sections correspond more to topographic profiles across drainage basins P and Q than to individual valleys. It is difficult to observe the geometry of distinct valleys incising the drainage basins at the 250-m spatial grid of the HRSC DEM. For the topographic profiles across the drainage basin V, valleys show different shapes, especially for the NS4, in which more valleys are detected with a minimum depth of 50 m in the HRSC data set (Figure 17a ). We notice that the valley depth remains quite constant with a tendency to decrease downstream. This characteristic could be the result of either (1) a late filling of the valley downstream by dust or volcanism or (2) local vertical adjustment of incision in the upstream direction in response to tectonic uplift during the wrinkle ridge formation. 
ANSAN ET AL.: MARTIAN VALLEY NETWORKS BY THE HRSC DEMS
[52] The shape of longitudinal profiles remains quite similar, but the irregular height offset introduces some difference in slope measured at the local scale, e.g., the longitudinal profile P (Figure 17b ), demonstrating that profiles must be interpreted with caution in these areas. The longitudinal profile V seems graded with a concaveup shape, except for the topographic trough in HRSC data at a distance of 95 km. This trough corresponds to the toe of a wrinkle ridge (8 km eastward of NS5, Figure 17b ) where several tributaries connect in the HRSC nadir image (Figure 16a ). In contrast, the longitudinal profiles P and Q display a convex-up shape (Figure 17b ). The divide between the two drainage basins P and Q stands at 2200 m elevation, which is 500 m lower than the valley heads of the valley network V.
Valley Networks in the Echus Region
[53] The studied area is located on the plateau at the west of the Echus Chasma canyon (81 -82.5W, 0 -5°N, Figure 18a ). Valley networks were first identified in this area from their distinct thermal properties on THEMIS images [Mangold et al., 2004a [Mangold et al., , 2004b . The valleys incised the Late Hesperian plateau [Tanaka et al., 1992; Mangold et al., 2004a Mangold et al., , 2004b and are buried by Amazonian lava flows to the north of the Echus plateau. These valleys are interesting because (1) the incised lithology is different from old cratered highlands located in the Aeolis region and the east Huygens crater and (2) the age of valley formation is younger than in the two previous studied regions.
3.3.1. Morphometric Analysis at the Regional Scale 3.3.1.1. HRSC Image Analysis
[54] Three orbits, 97, 920, and 2204, cover this area. We used only the HRSC H2204 image, because it is the only one that provides geomorphic details with a spatial resolution of $20 m pixel -1 (Figure 16b ). The studied area extends between 2°N and 2°S (Figure 18c ). Although the H2204 nadir image shows sharp changes in albedo, it is possible to recognize, on each side of the Echus canyon, shallow valley networks incising widespread areas that extend more than 200 km along the Echus Chasma western plateau [Masson et al., 2004 [Masson et al., , 2005c Mangold et al., 2004a Mangold et al., , 2005a Mangold et al., , 2005b . In the central part of the H2204 nadir image, valley floors appear bright in contrast to the nominally dark bedrock, because they are partially filled by relatively lighttoned deposits. It is more difficult to discern valleys to the eastern edge of the image because of the thick, bright deposits. Valley networks are not restricted to the locations where they have been observed in the THEMIS images [Mangold et al., 2004a] . They display two patterns: dendritic in the northern part of the H2204 image and parallel in the southern part, suggesting that the regional topographic slope controlled their organization [Mangold et al., 2004a [Mangold et al., , 2004b . In addition, valley networks appear well developed throughout their respective watersheds and have a significant headward extension with Strahler order up to 5 at HRSC resolution (Table 1) [Mangold et al., 2007 [Mangold et al., , 2008 Figure 8 . Except for the topographic profile Oup-Odw that crosscuts the old impact crater rim, the others have a concave shape, suggesting that they reached an equilibrium. Note that a late ridge deformed the previous valley profile.
HRSC DEM in the Echus Plateau
[55] The triplet of H2204 images has a spatial resolution of respectively 16.7, 33.9, and 38.9 m pixel -1 at the center of nadir and stereo images. A total of 2,108,364 homologous points have been found using these images (Figure 19c ) and the exterior orientation data. Their 3-D object points have a relatively good accuracy in x and z Cartesian coordinates (sx = 19.0 m and sz = 17.2 m) but a very poor accuracy in the y coordinate (sy = 53.9 m). Because of this bad accuracy in y coordinate, the mean statistical height error is 53.4 m on each 3-D object point. However, the height error is locally often less than 20 m from point to point, leading to the identification of topographic features much less than 50 m high.
[56] Owing to the large number of 3-D object points found, we chose to generate a DEM with a spatial grid size of 50 m in sinusoidal projection centered at longitude 85°E. The spatial distribution of points is quite homogeneous on each side of the Echus canyon, except for the plateau located north of 0.5°N, where numerous pixels are empty of points. This latter area corresponds to the homogeneously smooth, bright area in H2204 images (Figure 19b) , where the matching is inefficient. The sides of the Echus canyon are also poorly sampled. Despite this caveat only 30% of the whole grid is empty, and most of areas with the shallow valley networks are well sampled (Figure 19c ).
[57] At the regional scale, the HRSC DEM (Figure 19b ) is more detailed than the MOLA equivalent (Figure 19a) , except on the sides of canyons and on the northern areas of the Echus plateau at 1500 m in elevation. If we compare the HRSC DEM to the MOLA data, we see that the vertical offset is very low ($25 m) on the whole Echus plateau where we observe small valleys, but the disparity is much more important (up to 150 m) on the sides of the Echus canyons (Figure 19d ). For this reason, we consider the HRSC DEM to be valid for the automatic detection of shallow valley networks present on the Echus plateau.
Morphometric Analysis in the Echus Plateau
[58] We automatically extracted valley networks from the MOLA DEM with a minimum threshold of 900 cells of accumulation flow (Figure 20) . A total of 17 drainage basins have been detected on the Echus plateau and they cover small areas (392 km 2 on average), except that three basins (D, G, I) exceed 1000 km 2 (Tables 1 and S5 ). Those located on the southern part of the Echus plateau are relatively elongated, parallel to the slope, but drainage basins in the northern part have circular shapes. They often contain a few tributaries (<5) that correspond to the major ones observed in the HRSC image (Figure 18 ). In MOLA data, the drainage density ranges from 0.03 to 0.15 km À1 , with a maximum Strahler order of 3 (Table 1) The highest drainage density found using MOLA is in the drainage basin L, where three valleys have been detected. However, this drainage density must be taken with caution, because it does not include the totality of the drainage basin, and the detected valleys are poorly visible in the HRSC image due to the dust-sand mantle in this area.
[ 
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[60] Regarding the manual mapping, drainage basin D (defined by the highest points surrounding the drainage area in the HRSC DEM) differs from the one apparent in the HRSC image (Figure 18) . Indeed, the drainage basin D defined from the HRSC DEM covers a large area and contains three valley networks, which are spaced across an area (0°N-81°15 0 W) in the HRSC image where the valleys are difficult to map due to the dust and sand mantle. If we consider that the three valley networks form one catchment area, then we can characterize the morphometry of this drainage basin D. A total of 263 valleys with a network Strahler order of 5 incise 843.37 km, giving a drainage density of 0.58 km
À1
, twice that found in the HRSC DEM. In this case, we defined three drainage basins, and the highest drainage density (1.3 km
) is found for the southern drainage basin that has a Strahler order of 5.
[61] Mapping of the western part of the Echus plateau has fewer valleys (Figure 18 ) compared to the automatic mapping from altimetry ( Figure 20 ). Although at least one valley exists on the HRSC image, we consider that they are very shallow and at the limit of subjective interpretation. For this reason, we did not map this region. The consequence is a drop in the estimate of drainage density from the nadir image in the 45 drainage basins detected inside the HRSC DEM. However, the mean drainage density in this manual map is 0.35 km
, twice as high as that found in the HRSC DEM (Table 1) . In this manual mapping the highest drainage density is 0.80 km À1 in the drainage basin B1 outlined in the HRSC DEM (Figure 20) .
[62] If we compare the morphometric analysis of the Echus plateau from the manual mapping of the nadir HRSC image (20 m pixel -1 ) to the automatic mapping of the HRSC DEM at less than half the resolution (50 m pixel -1 ), we find that the drainage density is significantly increased in manual mapping up to 0.80 km À1 with a maximum Strahler order of 5 [Mangold et al., 2007 [Mangold et al., , 2008 . Thus, the HRSC DEM gives a strong improvement in the characterization of drainage basins compared to MOLA, but it remains inferior to the manual mapping from the HRSC imagery, in which drainage basins are easily defined.
Detailed Analysis of Drainage Basins in the Echus Plateau
[63] When we superimpose valley networks detected automatically from the HRSC DEM on the H2204 nadir image viewed in 3-D (Figure 21 ), we notice that tributaries fit well with their locations in the image, and that the major tributaries are connected to the amphitheater-shaped heads of the Echus Chasma tributary canyons. Exceptions exist with the valleys in the southwestern part of the image. These valleys were found automatically from the DEM and are located in the part of plateau where valleys are difficult to map from the image only. The DEM topography shows valleys, but without a visual confirmation, we cannot be sure of their existence at every location. All valleys follow the current topography, which suggests that no significant tectonic or volcanic event has occurred after their formation.
[64] If we focus on the southern end of the largest tributary canyon (Figure 22) , valley networks have a subparallel pattern where the regional slope is 1.5°to the north, whereas a more dendritic pattern is predominant on the Echus plateau where the northward regional slope is <1.0°. All main tributaries connect to the heads of the large tributary canyons, which suggests a coeval evolution of both landforms.
[65] Six E-W topographic cross sections have been plotted across the drainage basin D in which the main tributaries crosscut the different regional topographic slopes before joining the Echus canyon heads (Figures 22 and 23) . The mean height offset between MOLA and HRSC is very low (<30 m), except in the upstream area where it reaches 100 m ( Figure 23a, EW6 profile) . The main tributary D increases in depth and width along the downstream direction until the EW3 cross section: depth increases from 100 m to 250 m, and width ranges from 1 km to 5 km (Figure 23a) . Notice that the depth increases where the main tributary crosscuts the inner scarp of a degraded impact crater (Figure 23a, EW4 profile) . Inside the crater, which is partially filled by a dust-sand deposit, the main tributary D decreases in depth and width, but it remains detected by automatic routine in the HRSC DEM.
[66] The main tributary C has the same downstream behavior (Figures 22 and 23) . In comparison to the manual mapping of valleys, only the major tributaries deeper than 50 m were detected in the HRSC DEM as the tributaries located eastward from the tributary D (Figure 23a ). Despite the low height accuracy of the HRSC DEM on the Echus plateau, it allows us to extract the major tributaries observed in the nadir images, even if they are partially buried by a dust or sand mantle. As the main detected tributaries have depths of 20 to 80 m, we deduce that all smaller valleys visible on the nadir image are very shallow.
[67] The HRSC longitudinal profiles C and D, located on the western Echus plateau, display similar shapes viewed in MOLA data, despite the mean height offset of 50 m (Figure 23b ). These two longitudinal profiles are straight, parallel to the regional topography. The longitudinal profile C has a relatively constant topographic slope (0.5°) to the canyon. The profile D has two sharp changes in topographic slope, at 10 km and 55 km from the valley head respectively. The first inflexion point corresponds to the change in topographic slope between the northward sloping region and the Echus plateau, probably due to an E-W tectonic fault. The second inflexion zone corresponds to the 100-mhigh inner scarp of an old, degraded and partially filled impact crater (near the EW4 profile in Figure 22 ).
Discussion 1: Improvement of Valleys 3-D Geometry using HRSC DEM
Strength and Limitations of the HRSC DEM Technique
[68] The quality of the HRSC DEMs strongly depends on the acquisition geometry of the triplet of images that Figure 16 . The profiles NS1 and NS2 display the shape of the drainage basin rather than that of its major valleys, whose depths do not exceed 100 m. In the cross sections along the main tributary V, the valley V diminishes in depth downstream to around 100 m. Note that the HRSC DEM detects six major valleys along the NS4 profile as observed on the HRSC image (Figure 16 ). (b) Longitudinal profiles of the three main tributaries observed in Figure 16 . Except for the profiles P and Q, the valley V has a concave shape that is locally modified by the wrinkle ridge. The convex shape of the two previous profiles could be explained by the relatively young stage of erosion in these two drainage basins compared to the valley networks V. controls their spatial resolution, the image quality (compression ratio, aerosols, etc.), and the surface roughness. If all of these parameters are good, then the spatial resolution of the HRSC DEMs is expected to be close to that of the stereo images. The surface roughness is a crucial parameter, because the stereogrammetry method is based on the recognition of homologous points. This method is very relevant when the surface is hilly and rough such as in the south Aeolis-Cimmeria highlands (Figures 2 and 3d) . In such cases, we can favor the detection of topographic/ [69] A negative aspect of this method is that it does not provide good topography when the surface is smooth. When the illumination and albedo are uniform, the distinction of different points on the smooth surface tends to zero: no 3-D object point can define the altitude. This is particularly true when dust mantles the area such as in the northern part of the Echus plateau (Figures 18 and 19c) , or on smooth plains, such as a few crater floors near Huygens impact crater (Figures 11 and 12c ). When we combine abundant smooth areas with heterogeneous image resolution, such as in the Huygens region, the number of detected points is low relative to the area covered by the images, and the scale of the spatial grid is degraded (at Huygens up to 250 m pixel -1 ), preventing a detailed topographic analysis of the HRSC DEM compared to MOLA.
[70] Another limitation is the height offset that is observed between the two data sets, such as in the Huygens region (Figure 12d ). In previous work using the HRSC DEMs, the height offset was found to be $100 m [Scholten et al., 2005, Table 1 ] or decreased to 25 m by improvement of exterior orientation data [Heipke et al., 2006 , Spiegel et al., 2007 Derivation and validation of high-resolution digital terrain models from Mars Express HRSC-Data, submitted to Photogrammetric Engineering and Remote Sensing, 2007] . The offset is especially due to a lower constraint on the geometry of acquisition during the HRSC camera flights or less accurate exterior orientation data. These factors can be improved using a recently developed photogrammetry software program with bundle adjustment [Heipke et al., 2007; Spiegel et al., 2007] . The regional height offset is often low (<25 m) in the studied areas. We did not improve the processing here, as it would not affect the automatic detection of valleys.
[71] The statistical accuracy of elevation is usually <30 m, e.g., in the Aeolis and Huygens regions. This height accuracy is close to the pixel width in the input image, which is expected with the process of photogrammetry. This statistical height accuracy on each detected point is far from the height accuracy of $1 m for MOLA. This latter value is valid over smooth surfaces, but the spatial grid of MOLA cannot account for such high vertical resolution on hilly terrains. As a consequence, a valuable strategy would be to combine the HRSC DEM in rough hilly regions with the MOLA shot topography over smooth plains and plateaus.
HRSC Improvements for Valley Network Geometry
[72] The automatic detection of valley networks has been greatly improved by the high spatial resolution of the HRSC DEMs compared to the MOLA grid. The automatic extraction is very efficient when the spatial grid size of the HRSC DEM is <100 m, e.g., in the south Aeolis region (Figure 4 ) and the central Echus plateau (Figure 18 ). Whatever the studied area, the number of drainage basins is always greater than the number found using MOLA (Table 1 ). There is no systematic relationship between the number of drainage basins and the scale factor between MOLA and the HRSC DEM. The increase in drainage basins detected in the HRSC DEMs is due to a better spatial grid size, permitting a detailed definition of drainage basins. The consequence of this increase in the number of drainage basins is the decrease in individual drainage area (Table 1 ). The area covered by an HRSC image limits the automatic extraction of valley networks at local to regional scales. The main advantage of the HRSC DEMs is therefore the detailed study of small drainage basins of <100 km in width.
[73] The automatic detection provides a maximum Strahler order that is higher in the HRSC DEM than in MOLA (Table 1) . The drainage density also increases significantly from MOLA to the HRSC DEM (Table 1) , when it is calculated with the totality of basins recognized, or with drainage basins containing networks of Strahler order 3 or greater. For each studied region, we find with MOLA a maximum drainage density that is similar to that of other Martian regions, e.g., 0.06 to 0.25 km À1 [Irwin and Howard, 2002; Stepinski and Collier, 2003; Stepinski and Stepinski, 2005; Luo and Stepinski, 2006; Ansan and Mangold, 2006] . However, when we calculate the drainage density using the HRSC DEMs, it increases at least by a factor of 2, reaching 0.45 km À1 in the best spatial resolution of the HRSC DEMs analyzed in this study (Table 1) . Despite this increase in drainage density in the HRSC DEMs, these values remain lower than the values in the manual mapping from the HRSC imagery. There is no systematic relationship between the drainage density in each data set and their scale. This is likely due to image quality and surface properties that inhibit the detection of the smallest valleys. In all data sets, the mean bifurcation ratio Rb and length ratio Rl follow the fractal empirical laws established for terrestrial fluvial valley networks [Horton, 1945] : the terrestrial bifurcation ratio Rb ranges from 3.0 to 5.0, and the terrestrial length ratio Rl ranges from 1.5 to 3.5 [Horton, 1945; Ritter et al., 2002] . No major differences are observed between data sets, suggesting that the fractal properties of valleys limit any scattering of these values with different scales. This observation confirms that these two parameters are not useful in the understanding of fluvial processes.
HRSC Improvements for Geometry of Individual Valleys
[74] If we compare the geometry of individual valleys identified from gridded MOLA data and the HRSC DEMs, we see that the latter give better information on valley width and depth. Shallow and narrow valleys, typically <50 m in depth and <1 km in width, were resolved in the transverse profiles in the HRSC DEMs. This finding is especially true for valleys networks on the Echus plateau, where valleys as shallow as 20 m were detected (Figure 21 ). The HRSC DEMs are sometimes able to detect several smaller valleys where MOLA showed just one wide valley (e.g., Figure 9a ). They also improve the resolution of the V shape or U shape of valleys that can be seen in imaging. The MOLA grid usually smoothed the relief at the 500-m scale, even if we used MOLA shot data spaced by 300 m along ground tracks, whereas the HRSC DEMs provide a section more consistent with the apparent shape on the visible image. In addition, in relatively few cases, the transverse topographic profiles extracted from the HRSC DEMs provide a better view of valley side slopes, with an increase by a factor of 2 compared to those extracted from MOLA gridded data (e.g., Figure 7a ). These measurements are important for interpreting slope processes, which are major contributors to valley development, and the depth and cross-sectional profiles of valleys can provide important insights into their developmental history.
[75] The difference between the HRSC DEMs and the MOLA gridded data is less important for longitudinal profiles. In all studied areas, there is no significant difference between the longitudinal profiles of major tributaries extracted from the HRSC DEMs and MOLA. Some improvements come in resolving local features such as knickpoints. For example, in the Noachian terrain, the longitudinal profiles of major tributaries may be deformed by later wrinkle ridges (Figures 10, 14, 15, and 16) . The HRSC scale can improve the understanding of these knickpoints, especially to determine whether valleys continued to form during or after the compressional faulting. The HRSC comes from the lack of matching points in the smooth regions, but this limitation does not account for most valley networks, whose relief is rough by nature. The automatic extraction of valleys between the two data sets at the same level of detection (cells of accumulation flow multiplied by the scale ratio between the MOLA and the HRSC DEMs) shows a strong improvement in the pattern and drainage density (by a factor of 2 to 4). Drainage densities become close to those mapped manually when the HRSC DEM parameters are optimal. A fundamental improvement comes in the transverse profiles of individual valleys, which give precise depths and shape. Longitudinal profiles are sometimes more accurate, especially for smaller valleys, and they resolve knickpoints and other irregularities more effectively. We have studied three distinct regions containing valley networks of different ages. In each studied region, whatever the data set used (MOLA, the HRSC DEMs and images), we find that valley networks are arranged in subcircular to elongated drainage basins with dendritic or subparallel patterns, showing the same morphometric characteristics as are found in terrestrial fluvial valley networks: (1) valley heads are usually distributed along the watershed boundary at different elevations, (2) valleys have either V shapes or occasionally trapezoidal shapes, (3) valley widths increases downstream, (4) longitudinal profiles are linear to concave, and (5) valleys are arranged in branching patterns controlled by the topographic slope. These observations support the idea that the Martian valleys formed in a climate in which rainfall and/or snowfall and where subsequent snowmelt induced overland flow [Craddock and Howard, 2002; Mangold et al., 2004a Mangold et al., , 2004b Howard et al., 2005; Irwin et al., 2005b; Ansan and Mangold, 2006] .
[78] On Earth, these processes supply a groundwater table that allows water to seep. What observations would suggest the occurrence of a water cycle with subsurface infiltration and recharge of aquifers? Examples in the surroundings of Huygens impact crater and the Echus plateau suggest a coeval formation of valleys by runoff and by seepage. In the surroundings of Huygens crater, the divide between the two opposite-facing drainage basins P and Q (Figure 16 ) stands at 2200 m in elevation. The sharpness of this divide and lack of an upslope aquifer has been interpreted as evidence of atmospheric recharge and overland flows [Irwin et al., 2005a [Irwin et al., , 2005b . However, the longitudinal profiles (Figure 17b ) suggest that back-wasting erosion occurred in order to connect the two drainage basins. The divide is 500 m lower than valley heads located on the Huygens crater rim southward (Figure 16b) , suggesting that a possible groundwater table stood at 2200 m in elevation during the last hydrologic discharge event.
[79] On the Echus plateau, the competition between runoff and sapping processes is well expressed. Shallow valley networks that developed on the plateau invoke a dominant runoff process. When the depth of valleys is sufficient to reach the base of volcanic impermeable and easily eroded materials, water infiltrated and recharged the groundwater table. At places where groundwater table crossed the topography, the sapping process could occur, forming the amphitheater-shaped valley heads of the Echus tributary canyons (see Mangold et al. [2008] for details).
Implications of Drainage Density
[80] The Martian valley networks studied from the HRSC images have relatively well developed headward extension with up to fifth-order network in Strahler's system, and manual mapping indicates relatively high drainage densities up to 1 km
À1
. This drainage density increases from the Huygens region to the south Aeolis region and the Echus plateau, with a respective maximum drainage density of 0.3, 0.5, and 0.8 km À1 (Table 1) . However, this increase in drainage density is not correlated with an increase in valley depth. Main valleys are up to 400 m deep in the Huygens region, and those in the Aeolis region reach only 200 m of depth, whereas the major valleys never exceed 80 m deep on the Echus plateau.
[81] The lack of a systematic relationship between drainage density and the depth of major tributaries may be due to differences in various parameters such as lithology, erosive processes (advective fluvial incision, diffusive mass wasting), or timescale of incision. The problem is that the drainage density does not record the duration or efficiency of the process beyond an initial period of network devel- opment. The number of valleys and drainage density increase up to a maximum extension, and then the network stops growing when the contributing area is completely incised. In shallowly incised drainage networks, drainage density may primarily reflect the combination of contributing area and topographic slope that are necessary to initiate incision [Montgomery and Dietrich, 1988] . By comparison, competition between diffusive mass wasting and advective fluvial incision determines drainage density in more deeply incised networks with well-developed side slopes.
[82] The lower drainage density of Noachian terrains can also be explained by the history of degradation through impact cratering and aeolian processes, which modified the shallower tributaries of older valley networks more significantly than younger ones. The highest drainage densities on Mars were found for the youngest valleys, such as 1 km À1 on the Echus plateau [Mangold et al., 2008, this study], 1.5 km À1 on Alba Patera and 2.3 km À1 on Hecates Tholus [Gulick and Baker, 1990] . This trend might represent a better preservation of the smallest tributaries due to their younger age rather than a more mature development of these networks. In summary, drainage density does not represent a degree of erosion of the valley systems after a significant extension in 2-D is reached, and these examples suggest that it should not be used as an unique indicator of valley development.
Valley Evolution with Time
[83] How long did it take for these valleys to form? Timescales are difficult to estimate using crater counting. These methods can constrain the absolute age of the surface carved by the valley networks and the determination of activity, but not the duration of incision (e.g., Warrego Valles [Ansan and Mangold, 2006] ). Terrestrial valley networks in different climatic and lithologic contexts (volcanic plains or glacial till) usually form over timescales from 10,000 years to 1 Ma [Knox, 1976; Pizzuto, 1992; Knighton, 1998 ]. From our results, we can discuss the duration based on the total incision and the longitudinal profiles. Brief fluvial incision of a weak material or more prolonged incision of a strong material can result in similar morphometric properties. The shallow valleys on the Echus plateau formed in a weak upper layer deposited on the basement, and they have fully incised and extended throughout the drainage basin [see Mangold et al., 2008] . These observations suggest that the well-developed valleys in the Echus region result from a quicker erosive activity in weaker material, such as shallow fluvial landforms in terrestrial badlands or ash deposits. In contrast, the fluvial networks present in the Noachian terrain have a lower drainage density but deeper valleys. If we assume that Noachian terrain consists of a mixture of volcanic rocks, fragmented regolith from impact gardening, and clays resulting from their chemical alteration, then incision occurred over a longer period of time than on the Echus plateau in order to carve valleys that are 200 m deep.
[84] Longitudinal profiles also provide some clues for the duration of the processes. The more than 100-km-long longitudinal profiles often have a concave-up shape (Figures 5, 7, 10, 15, and 17) , but this shape is observed in a limited number of networks, and profiles are often close to the regional topographic slope. This observation was also made in different regions of Mars using MOLA data [Aharonson et al., 2002; Irwin and Howard, 2002; Irwin et al., 2004; Howard et al., 2005; Ansan and Mangold, 2006] . Nevertheless, compared to the Echus Chasma system where profiles are very straight, the profiles of Noachian age valleys are more concave and imply a longer evolution. This observation supports our conclusions based on the depth of valleys. The Echus plateau has shallower valleys in weaker material, suggesting lower incision and a shorter timescale of erosion. However, we cannot yet estimate an absolute duration of any valley system. This is a crucial objective for future studies, in order to know if Martian valley networks result from either episodic wet intervals not representative of the early Martian climate, or a long-term climate of more frequent, low-intensity events.
Conclusion
[85] HRSC DEMs were made using three stereoscopic images ranging from 10 to 100 m pixel -1 resolution. The HRSC DEMs better represent the Martian topography at the regional scale compared to MOLA, thanks to their spatial grid sampling from 20 to 100 m pixel -1 . This spatial coverage in the HRSC DEMs permits the detection of small drainage basins ($100 km 2 ) in which valleys developed. The HRSC DEMs improve the quantification of valley network properties such as drainage density and aspect ratio compared to the MOLA DEM. These new data also confirm that the manual mapping of valleys with previous Viking or THEMIS images were justified in the studied regions; i.e., mapped valleys correspond to a true topographic signature. The other strength of the HRSC DEMs is the extraction of a higher number of shallower (<50 m deep) and narrower (<1 km wide) valleys than are found in MOLA. The topographic profiles across valleys are more accurate, improving our understanding of their transverse profiles, their downstream variation in width, and their longitudinal profiles.
[86] The three studied regions enable us to compare Noachian (Huygens and south Aeolis areas) and Hesperian age (Echus plateau) terrains. The comparison shows that the Hesperian valleys on the West Echus plateau are much shallower than are older valleys in Noachian terrain, despite the fact that their drainage density is higher. This difference probably arises for one or more of three possible reasons: (1) Noachian landforms are not as well preserved as are later episodes of fluvial activity, creating a difference in the identification of small tributaries, (2) the duration of Noachian fluvial activity might have been longer to explain the deeper incision of valleys and the removal of the smallest tributaries by this incision, and (3) the bedrock composition is likely different, explaining the development of more small tributaries in the weak upper unit of the Echus plateau than in Noachian terrains. This lack of correlation between drainage density and incision therefore shows the limitation on the use of 2-D parameters: the larger drainage density might not mean a longer period of valley formation, but a better preservation of the smallest tributaries. In addition, longitudinal profiles are concave only for well-developed valleys in the Noachian regions, suggesting that equilibrium was reached for these valleys. Such studies will be continued over larger areas to improve statistics in regions of different ages and our understanding of Martian valley networks.
